A Drosophila melanogaster sequence homologous to the mammalian growth factor-stimulated TSC-22 gene was isolated in an enhancer trap screen for genes expressed in anterodorsal follicle cells during oogenesis. This sequence includes a 225 aa residue open reading frame that encompasses a leucine zipper motif immediately preceded by a highly conserved region (TSC box), similarly located but distinct from the basic domain of bZIP proteins. The gene encoding this sequence, bunched (bun), has been independently isolated and characterized with respect to its role in peripheral nervous system development and eye development (Treisman, J.E., Lai, Z.-C. and Rubin, G.M. (1995) Shortsighted acts in the decapentaplegic pathway in the Drosophila eye development and has homology to a mouse TGF-/~-responsive gene. Development 121, 2835Development 121, -2845. In agreement with the expression of the enhancer detector insertion, in situ hybridization reveals that bun transcripts localize to the anterior dorsal follicle cells at stages 10-12 of oogenesis. Changes in bun enhancer trap expression in genetic backgrounds that disrupt the grk/Egfr signaling pathway suggest that bun is regulated by growth factor patterning of dorsal anterior follicle cell fates. Clonal analysis shows that bun is required for the proper elaboration of dorsal cell fates leading to the formation of the dorsal appendages. © 1997 Elsevier Science Ireland Ltd.
Introduction
Oogenesis in Drosophila takes place in string-like ovarioles, in which egg chambers form at the apical tip in the germarium and mature in a distal direction, during 14 stages identified by morphological criteria (for reviews see King, 1970 and Spradling, 1993) . The egg chambers are composed of cell types derived from the germ line (nurse cells and oocyte) and the soma (enveloping follicle cells). During stages 7-14, the follicle cells undergo a characteristic series of migrations and cell shape changes. First, most follicle cells migrate posteriorly to surround the oocyte and become columnar, while cells surrounding the nurse cell complex flatten into a squamous shape. The border cells, a specia-lized anterior group of cells, migrate through the nurse cell complex to reach the oocyte/nurse cell border. When the oocyte nucleus migrates to the dorsal anterior comer of the oocyte, a distinct thickening occurs in the overlying follicle cells, distinguishing them from the ventral follicle cells. Thereafter, columnar follicle cells migrate anteriorly and centripetally to surround the oocyte, which expands through the transfer of nurse cell contents. In stages 10-14, the follicle cells switch to production of the eggshell or chorion, including specialized anterior dorsal chorion structures such as the dorsal appendages, the operculum and the micropyle.
Subgroups of follicle cells are thought to be established by intercellular communication directed by growth factors. A set of dorsal anterior follicle cells is patterned by the oocyte in a cell-cell signaling event occurring at stages 8-9 when the germinal vesicle migrates to the dorsal anterior of the oocyte. The anterodorsally positioned oocyte nucleus S.
produces giirken (grk) m R N A which encodes a T G F -a -l i k e growth factor and is localized to the anterodorsal portion of the oocyte by a process requiring the action of several genes, includJngfs(1)KlO and orb (Lantz et al., 1992 (Lantz et al., , 1994 Neuman-Silberburg and Schiipbach, 1993; Christerson and McKearin, 1994; reviewed in SchiJpbach et al., 1991) .
The grk gene product is the proposed ligand for the E G F receptor homologue encoded by the Egfr (torpedo/DER) gene present in the overlying follicle cells (Price et al., 3 1989; Schejeter and Shilo, 1989) . Activated Egfr transmits a signal through a Raf-dependent signaling pathway to generate anterior dorsal follicle cell fates, resulting in the respective specializations of the eggshell, including the dorsal appendages (Chou et al., 1993; Brand and Perrimon, 1994; Hsu and Perrimon, 1994; Lu et al., 1994) . A ventral follicle cell subpopulation that does not experience induction by grk produces molecular cues for a different inductive event, directing embryonic axis formation (Stein et al., 1991; Roth, 1993) .
The patterning process operating in the follicle cells can be monitored by changes in eggshell structure in mutant backgrounds that reduce the strength or alter the position of the initial grk inductive event (Roth and Schtipbach, 1994) . Reduction in GRK signaling activity in grk and top mutants results in a loss of dorsal cell fates and leads to a reduction in size and fusion of the dorsal appendages. Alternatively, mislocalization of GRK signaling activity in mutants such as spire and fs(1)KlO lead to expansion of dorsal cell fates at the expense of ventral cell fates leading to dorsal appendages that expand and fuse ventrally.
Female sterile screens for genes involved in this patterning process may not detect components required earlier in development. For example, loss of function mutations in the raf pathway genes are embryonic lethals (Lu et al., 1994) . Enhancer trap screens (O'Kane and Gehring, 1987; Bellen et al., 1989; Bier et al., 1989; Wilson et al., 1989) , which uncover developmentally regulated enhancer elements pertaining to nearby genes, present the potential to identify genes required for oogenesis without regard to earlier function (Fasano and Kerridge, 1988; Grossniklaus et al., 1989) . Dissecting the role of this class of genes in follicle cell development has been furthered by the introduction of the FRT/FLP technique for efficient production of mitotic clones of mutant cells in any tissue (Golic and Lindquist, 1989; Golic, 1991; Xu and Rubin, 1993) .
We have examined strains resulting from an enhancer trap screen to identify genes that are expressed in the anterior dorsal follicle cells. Here we present the cloning and genetic characterization of one such gene, bunched (bun), which is homologous to the mammalian leucine zipper gene TSC-22 (TGF-/3-stimulated clone 22). Although we have previously referred to this gene as Hsu and Kafatos, unpublished) and Treisman et al. (1995) have named the gene shortsighted, the rules of nomenclature dictate that it be referred to as bunched (bun; Kania et al., 1995 ), as used in FlyBase (1997 . We show that changes in the expression of bun following genetic manipulation of the grk/Egfr activity indicate that bun responds to the GRK patteming information that specifies dorsal appendage formation. Furthermore, clonal analysis demonstrates that bun is required for proper formation of these appendages during oogenesis.
Results

Ovarian expression of the P{ lArB } insertion in enhancer trap UG43
Line UG43 (kindly provided by U. Grossniklaus) was obtained from a collection of P{1ArB} enhancer trap lines that displayed lacZ reporter gene activity including expression in subsets of follicle cells. This line was selected for study because the spatial restriction of/3-galactosidase produced by the enhancer trap insertion suggested regulation by the Egfr (toplDER) dependent signaling system. The UG43 ovarian lacZ expression is initially detected TSC-22 (mouse, rat and human; Shibanuma et al., 1992; Hamil and Hall, 1994; Jay et al., 1996) , DIP (Sillard et al., 1993 ) and a deduced amino acid sequence from the C. elegans genome (Wilson et al., 1994) to the corresponding basic and zipper domains of the bZIP family of proteins. The amino acid sequences of these domains in several bZIP subfamilies are shown; C/EBP, Fos, Jun, ATF, CREB and XBP (Hurst, 1994 and references therein) . The extents of the proposed TSC box and the leucine zipper domain are indicated above the sequence alignment. A consensus sequence derived from the basic domain of the bZIP family of proteins is shown at the bottom line ((B) basic residues; Vinson et al., 1989) ; it clearly differs from the TSC consensus. Basic amino acids in the region preceding the zipper are underlined to emphasize the absence of these residues in the TSC box. In the zipper domain, leucines and a single valine are shaded gray and presumed interhelical saltbridge interactions are color coded exactly as described in Vinson et al. (1993) . As described in the text, yellow can interact with yellow and green with green; by this criteria, Bunched and TSC-22 can homodimerize. Blue can dimerize only with red, so like Fos and Jun, the candidate C. elegans TSC family member forms obligate heterodimers. (C) Helical wheel diagram (Cohen and Parry, 1990 ) of the Bunched leucine zipper. This domain is displayed as a heptad repeat (left) and is applied to spokes of a helical wheel (right) to emphasize its amphipathic structure; leucines are exclusively located at position d (shaded gray), isoleucines and valines predominate at position a, and a preponderance of charged residues (in boldface) are found at positions e and g. 
Cloning and ovarian expression of a sequence located downstream of the enhancer trap insertion in line UG43
The P{1ArB} insertion in line UG43 was located by in situ hybridization to polytene chromosome region 33E on chromosome 2L (data not shown). To test whether lacZ expression from this insertion reflects the activity of a nearby gene, genomic DNA flanking the enhancer trap insertion was isolated by plasmid rescue (see Section 4). Southern analysis confirmed that the rescued DNA sequences were derived from genomic DNA adjacent to the transposon (data not shown). Rescued plasmid containing approximately 2.5 kb of genomic DNA downstream of the enhancer trap insertion was used as a probe to screen 50 000 plaques of a hgt22 ovarian cDNA library (Strombakis et al., 1994) . Five cDNA clones that hybridized to this flanking DNA were isolated, and on the basis of restriction mapping and limited sequencing were shown to represent the same species of cDNA overlapping with the rescued plasmid. One cDNA was chosen for further analysis.
To correlate the spatial expression pattern of the enhancer trap with the identified gene, digoxygenin-labeled single stranded DNA complementary to a portion of the cDNA was used as a probe for in situ hybridization to wholemount egg chambers (see Section 4). Relatively rare transcripts of this gene can be detected in the anterodorsal follicle cells at stages 10-12 ( Fig. 1C-F) , in a gradient that diminishes posteriorly and ventrally, resembling the staining pattern of the enhancer detector. Similarly, the punctate expression in the posterior pole follicle cells also was observed at early stages (Fig. 1C, arrowheads) . Border cell expression could not be visualized clearly above the noise level in this part of the egg chamber. Nurse cell staining was evident at stages 6-9 (Fig. 1C) , and may contribute to low diffuse staining at later stages.
The gene, bunched, flanks the enhancer trap UG43 and encodes a protein homologous to mammalian TSC-22
The complete nucleotide sequence of the 2.2 kb ovarian cDNA (Genbank access number AF003342) includes one long open reading frame from nucleotides 881 to 1558, encoding a putative protein of 225 amino acids with a calculated molecular mass of 23.3 kDa. The amino acid sequence predicted by this open reading frame was compared to the protein databases (see Section 4). The central region of the deduced amino acid sequence displays a high degree of similarity to the mouse, rat and human TSC-22 gene (TGF-/3 stimulated clone-22) (Shibanuma et al., 1992; Hamil and Hall, 1994; Jay et al., 1996) , to a peptide sequence from a purified pig protein, DIP (delta sleep inducing peptide-immunoreactive protein (Sillard et al., 1993) ( Fig. 2A) , and to a deduced amino acid sequence from the C. elegans genome (Wilson et al., 1994) . This central domain of the Drosophila ORF ( Fig. 2A) is overall 73% identical (42 of 57 residues) to a central portion of the deduced open reading frame of TSC-22, 56% identical to the N-terminus of the DIP peptide (18/32; Fig. 2A) , and 54% identical to the putative C. elegans protein (31/57). When conservative changes are considered, the Drosophila protein sequence is 89% similar to TSC-22 (50/55), 91% similar to DIP and 74% similar to the C. elegans protein (43/57) in this region. The same gene has been isolated independently and named shortsighted (shs) by Treisman et al. (1995) , due to the effect of shs mutations on eye development. Recently, it has been determined that shortsighted is an allele of bunched (bun) gene which disrupts aspects of peripheral nervous system development (Kania et al., 1995) .
The central domain of Bunched, the bun gene product, contains four leucines occurring with a seven residue periodicity (gray shading, Fig. 2A ) which can be used for alignment with the leucine zipper motif of the bZIP family of proteins (Fig. 2B) . A valine (gray shading, Fig. 2A ) that lies seven residues before the first leucine of the putative Bunched zipper may represent its forward extension (Landshultz et al., 1988; Buckland and Wild, 1989; O'Shea et al., 1991; Rasmussen et al., 1991; Sillard et al., 1993) . This leucine zipper is common to each member of the TSC-22 family. When the zipper region of Bunched is drawn as a standard helical wheel display (Fig. 2B) (Cohen and Parry, 1990) , two characteristics of an amphipathic helix are evident. First, with the leucines aligned at position d (Fig. 2B , according to standard nomenclature), position a is occupied by hydrophobic valines and isoleucines, interrupted by a histidine. It is thought that positions a and d form a hydrophobic core between interacting helices and that interactions between polar or charged residues interrupting the hydrophobic array at position a constrain helices to be parallel and in register . Second, the flanking positions g and e show a preponderance of charged residues (boldface, Fig. 2B ), which are thought to form electrostatic salt bridges that provide specificity to helixhelix interactions (Vinson et al., 1993) . Based on the sequence of charged residues at these positions, Bunched is predicted to homodimerize according to the interhelical salt bridge rule ( Fig. 2A) (Vinson et al., 1993) . The arrangement of charged residues in TSC-22 and DIP also predict that they should homodimerize, but the C. elegans zipper is divergent by this criteria and should form heterodimers according to this rule ( Fig. 2A) .
Immediately preceding the zipper subregion in this central domain is a sequence common to this family of proteins. The TSC box is highly conserved (30/33 positions of Bunched shared with TSC-22, 15/18 shared with DIP, and 22/33 shared with the C. elegans sequence; Fig. 2A ), and is in register when the respective zipper regions are aligned. It shows no strong matches with other proteins in the database, and is also unrelated (by virtue of sequence as well as content of basic residues) to the similarly located basic domain of the bZIP class of proteins ( Fig. 2A) .
Expression of the bunched enhancer detector is sensitive to the grk/Egfr signaling pathway
The observation of bun expression in the dorsal anterior follicle cells during a grk/Egfr signaling event led us to test if bun expression is regulated by this pathway. For these experiments, the bun ~c'43 and bun shs423° enhancer traps, which show identical specificity in the dorsal anterior follicle cells (Fig. 3A ,B) were used to assess changes in bun enhancer trap expression in genetic backgrounds that alter grk localization or reduce grk/Egfr signaling.
Infs(1)KlO (hereafter KIO) egg chambers, dorsal follicle cell fates expand at the expense of ventral follicle cell fates, presumably due to mislocalization of grk mRNA from the anterodorsal portion of the oocyte to more ventral positions (Roth and Schiipbach, 1994) . This results phenotypically in a ring of dorsal appendage material encircling the anterior end of the eggshell (Fig. 3F) (Wieschaus et al., 1978; Prost et al., 1988) . In stage 10 follicles from KIO females, expression of bun UG43 expands ventrally, with two maxima in the anterodorsal and anteroventral follicle cells, diminishing laterally (Fig. 3D,E) . Staining is still absent from the centripetally migrating follicle cells, both dorsally and ventrally (arrowhead, Fig. 3E ). The expanded pattern of bun vc'43 expression in KIO egg chambers parallels the documented localization of grk mRNA in KIO oocytes; it is strongest in the anterodorsal and anteroventral corners of the oocyte and lesser laterally (Roth and Schiipbach, 1994) .
The torpedo (top) mutation in the putative grk receptor top/Egfr is thought to cause a reduction of grk signaling activity in the dorsal anterior follicle cells (Price et al., 1989) . This in tum leads to a loss of dorsal cell fates visible as a reduction and fusion of dorsal appendages, which are shifted slightly posteriorly (Fig. 3I) . In stage 10 follicles from top females (Egff~), expression of bun shs423° is lost from the dorsal anterior and reduced bun expression is shifted to more posterior follicle cells (Fig. 3G,H) . As in KIO egg chambers, bun expression in top follicles correlates well with the extent and location of the dorsal appendages formed later.
Egg chambers from a grk mutant completely lack dorsal appendages (Fig. 3L) thought to be the result of the loss of TGFcc-like grk signaling from the oocyte specifying dorsal cell fates. No bun shs4230 expression is seen in the dorsal anterior follicle cells from stage 10 grk egg chambers (Fig. 3J) , consistent with bun regulation by grk. However, in < 10% of grk egg chambers, posterior follicle cells with an invagination or pinching phenotype misexpress bun (Fig. 3K) . The significance of this result is discussed below. From these data, bun would fulfill the role of a target of the grk signaling pathway in the dorsal follicle cells.
bunched mutant clones result in defective dorsal appendages
To study the role of bunched in oogenesis, we used the heat shock inducible FLP/FRT system (Xu and Rubin, 1993) in conjunction with bun lethal alleles (provided by Jessica Treisman and Gerald M. Rubin) to create random somatic clones lacking bun function in the follicular epithelium (see Section 4). Eggs laid by bun ~hsr143 females 2-3 days following clone induction were examined directly for abnormalities (Fig. 4) . Approximately 5% (33/690) of these eggs were small and infertile, with characteristic short dorsal appendages that were variably rounded with branched split ends (cf. Fig. 4B,C) . A phenotypically wild type egg is shown in Fig. 4A for comparison. In the absence of heat shock, no defective eggs were laid by these females (0/440). Two additional non-complementing alleles of bun (bun shs423° and bun shs69°3) resulted in the same dorsal appendage phenotype under similar conditions (data not shown). Abnormal dorsal appendages can result from defects in nurse cell dumping because the growing appendages are blocked by the presence of the nurse cell mass (Cooley et al., 1992) . However, we have observed nearly full-length eggs with characteristically branched dorsal appendages, indicating that the appendage phenotype is not secondary to a dumping defect (data not shown).
We further examined developing egg chambers 2.5 days after clone induction to determine if there was a correlation between dorsal appendage abnormalities and the occurrence and location of mitotic clones. For these experiments, the egg chambers were immunostained with an antibody specific to the MYC epitope ( Fig. 5A -G) in conjunction with DAPI staining to detect all the nuclei (Fig. 5F ',G'). Using confocal microscopy, both bun-MYC7bun-MYC-clones which lack bun and the MYC epitope, and the 'twin-spot' homozygous bun+MYCTbun+MYC + clones which stain strongly for the MYC epitope, can be distinguished from the heterozygous cells. In egg chambers prior to stage 10B, bun-MYC-/bun--MYC-clones can be found anywhere in the follicular epithelium without affecting morphology (Fig. 5A-C) . The mutant and wild type twin-spots are comparable in frequency and size, indicating that the bun mutation has no strong effect on follicle cell proliferation or viability (Fig.  5A-C) . At later stages, bun-MYC-clones that occur anywhere but in the area of anterior dorsal follicle cells similarly show no effect on morphogenesis of the egg chamber (stage 11, Fig. 5D ), or on formation of ventral or posterior structures (stage 12, posterior and ventral clones outlined in Fig. 5E ).
Abnormalities can be detected only in late stage follicles and are invariably associated with large dorsal anterior bunfollicle cell clones (7/7 clones). Fig. 5F shows such a stage 14 egg chamber with the characteristic shortened and branched dorsal appendages, visible due to autofluorescence. The large bun-MYC-clone that encompasses much of this egg chamber, including the dorsal anterior region, is outlined by a row of MYC + cells towards the posterior end, and by the presence of only a few MYC + cells at the anterior end which likely represent twin spot MYC+MYC + cells (Fig.  5F,F' ). The latter are easily distinguishable from the numerous MYC-cells that are associated with the abnormal appendages (filled and open arrowheads, respectively in Fig. 5F ). The presence of cells in the regions that are MYC-can be confirmed easily by DAPI nuclear staining (Fig. 5F') . The follicle cell nuclei and their respective MYC phenotypes are diagrammed in Fig. 5F ". Similarly, Fig. 5G shows a magnification of the anterior area of another egg chamber with a mutant dorsal appendage, which is associated with numerous MYC-and only a few MYC + cells (full arrowhead in Fig. 5G ,G'; diagrammed in Fig. 5G") . It should be noted that the stage-specific bun mutant appendage phenotype is seen most clearly in very late egg chambers, when the epithelium is fragile (note the tear in the anterior follicle cell sheet in Fig. 5F ). Therefore, it is not feasible to determine precise relationships between the eggshell morphological abnormalities and the extent and location of smaller bun-clones. For the large bun-clones examined, we observed a clear requirement for bun to specify a prominent feature of dorsal cell fates, proper morphogenesis of the dorsal appendages.
Discussion
Conserved structural features of mammalian TSC-22 and bunched suggest a conserved function
We have cloned and partially characterized the developmental properties of the Drosophila bunched gene, a homologue of vertebrate TSC-22. Mouse TSC-22 (Shibanuma et al., 1992) was isolated in a screen for TGF-/$ inducible cDNAs from mouse osteoblast cell lines. It encodes an 18 kDa nuclear protein which is inducible by a variety of growth factors in vitro and is widely expressed in mouse tissues. Rat TSC-22 (Hamil and Hall, 1994) was isolated independently in a screen for follicle-stimulating hormone (FSH) induced cDNAs in rat Sertoli cells; two major mRNA species can be detected in multiple tissues. DIP, a serendipitously purified pig protein, also shows homology to TSC-22 proteins (Sillard et al., 1993) . Treisman et al. (1995) have independently isolated shortsighted based on its requirement in eye development. Subsequently, it has been determined that shs is an allele of bunched, which is required for embryonic peripheral nervous system development (Kania et al., 1995) . Below we compare the structure and regulation of bunched with mammalian TSC-22 and discuss some possible roles of bun in Drosophila development.
The mammalian and insect gene products show striking sequence similarities in a leucine zipper motif and in an adjacent upstream region that we have named the TSC box. In the bZIP class of DNA binding proteins, the leucine zipper motif forms an amphipathic helix suitable as a homoor hetero-dimerization interface (reviewed in Hurst, 1994) . The zipper motif in the TSC-22 family is predicted to form an amphipathic helix (Landshultz et al., 1988; Cohen and Parry, 1990) permitting the formation of homodimers according to the interhelical salt bridge rule (data not shown; Vinson et al., 1993) .
Although the TSC box is 90% identical between mammals and flies, it is unrelated to the similarly located basic domain of the bZIP family ( Fig. 2A) . In the bZIP family, dimers formed by zippered a-helices bring the contiguous basic domains together and provide a contact surface for binding to directly abutted, inverted DNA repeats (Vinson et al., 1989) . Hamil and Hall (1994) speculated that because of the absence of a basic domain, rat TSC-22 might act as a dominant negative regulator, forming unproductive heterodimers with bZIP proteins and effectively reducing their concentration. A similar mechanism has been proposed for the CHOP leucine zipper (Ron and Habener, 1992) . However, the conserved sequence and location of the TSC box argue for a more independent role. We favor the hypothesis that TSC-22 proteins dimerize with themselves or as yet unknown members of the same family and thereby present a DNA binding surface analogous to but distinct from that of the bZIP proteins. This could lead to the regulation of a set of genes different from the bZIP targets; the possibility exists that bZIP and TSC-22 proteins heterodimerize, perhaps extending the set of genes regulated by each. The structure of the divergent zipper in the putative C. elegans TSC family member indicates that it forms obligate heterodimers. In these respects, it is worth noting the overlap in the ovarian expression of bun and the leucine zipper protein C/EBP encoded by the gene slow border cells (slbo; Montell et al., 1992) . Treisman et al. (1995) have identified a different, larger isoform of bun, for which they report a cytoplasmic location. However, mouse TSC-22, the equivalent of the small bun isoform, has a nuclear location (Shibanuma et al., 1992 ) supporting a role in transcriptional regulation. In support of this, good evidence has been obtained that rat TSC-22 binds to the promoter of the CNP (C-type natriuretic peptide) gene to transmit a cytokine signal in rat pituitary derived culture cells (Ohta et al., 1996) .
Clonal analysis of bun in the ovary
Anterodorsal follicle cell expression suggested that bun is a target of Egfr (top/DER) signaling and thus might be implicated in the establishment of dorsoventral polarity during oogenesis. One manifestation of dorsoventral polarity is the formation of dorsal appendages by a group of ca. 150 dorsal follicle cells, which complete an anterior migration coordinated with chorion secretion during stages 11-14 (Spradling, 1993) . Mutations that alter the dorsoventral patterning of the chorion perturb dorsal appendage formation. Evidence that bun is a mediator of this patterning process was obtained by clonal analysis.
After induction of bun-clones in the ovary, dorsal appendage defects are invariably correlated with clones that extend into the anterior dorsal follicular epithelium. Conversely, normal dorsal appendages are not seen in association with large bun-clones. Follicular bun-clones have no apparent phenotype prior to stage 10, and the dorsal appendage defects are not invariably associated with incomplete dumping of nurse cell cytoplasm. Taken together, these results establish that bun is required by the dorsal anterior follicle cells for elaboration of the dorsal appendages, an aspect of dorsal cell fates. Although the abnormal dorsal appendages observed in our clonal analysis are not typical of known dorsalized or ventralized mutations in the early part of this pathway, such as KIO, orb, grk, or Egfr t (top/ DER), multiple explanations for this disparity are possible, for example, the clonal nature of bun loss of function in our experiments, the type of bun alleles tested, and the existence of additional transcriptional mediators of dorsoventral polarization and appendage formation. We do not know whether the two described Bunched isoforms (Treisman et al., 1995 and present report) have different roles with respect to dorsal appendage formation; both isoforms are represented in ovarian cDNAs (data not shown), and three different bun alleles that may affect these isoforms differentially have similar phenotypes in clonal analysis. However, none of these alleles is null (Treisman et al., 1995; J. Treisman, pers, commun.) and we cannot rule out the possibility that a null allele would affect the dorsal appendages more severely. The most likely explanation of the unusual bun--associated abnormalities of dorsal appendages is that bun is not the only transcriptional mediator of the Egfr pathway. Indeed, the zinc finger transcription factor CF2 is also involved in anterodorsal follicle cell patterning and dorsal appendage formation (Hsu et al., 1996) .
Expression patterns of bun imply roles in multiple developmental processes regulated by growth factors
Altered patterns of bun enhancer trap expression in mutations that disrupt the grk/Egfr pathway indicate that bun is a target of TGFot-like grk in the follicle cells. In KIO, where GRK spreads to ventral locations in the oocyte, dorsal cell fates expand leading to enlarged and ventrally fused dorsal appendages extending and fusing ventrally. This change in appendages is preceded by a corresponding spread of bun expression to ventral follicle cells in KIO egg chambers. In contrast, reduced grk signaling in top mutants that are hypomorphic alleles of Egfr leads to reduced dorsal appendages, fused at the dorsomedial midline and shifted slightly posteriorly. This subtle change in eggshell morphology is foreshadowed by stage 10 bun expression which is reduced and shifted posteriorly in top mutant females. In the grk loss of function background, typically no dorsal appendages form and no bun expression is evident in the dorsal anterior follicle cells. This close correspondence of bun expression and dorsal appendage formation suggests that bun is a mediator of grk/Egfr receptor protein tyrosine kinase (RPTK) pathway which patterns the dorsal appendages. As discussed above, clonal analysis confirmed this conjecture.
Additional evidence suggests that bun may be regulated in diverse tissue by several RPTKs. Treisman et al. (1995) described genetic interaction between bun and Star, a Ras pathway component, during eye development. We have observed bun expressed at the embryonic poles at blastoderm suggesting possible direct regulation by the torso-RPTK signaling pathway (Perrimon, 1993) . The implication of bun in multiple RPTK signaling pathways is not surprising given that different RPTK signaling pathways share many components (Simon et al., 1991; Doyle and Bishop, 1993; Lu et al., 1994; reviewed by Perrimon, 1993) . In particular, components of both the torso and the sevenless RPTK pathways have been implicated in dorsoventral signaling during oogenesis (Chou et al., 1993; Brand and Perrimon, 1994) .
In >90% of stage 10 grk egg chambers, no bun expression was detected in any follicle cells. However, we observed bun expression in posterior follicle cells in a minority (<10%) of grk egg chambers at stage 10. This misexpression was often associated with an inward pinching phenotype of the bun expressing posterior follicle cells. This apparently paradoxical result can be interpreted in view of the fact that grk has a signaling function prior to its role in patterning dorsal follicle cells; it acts earlier on posterior follicle cells to repress anterior cell fates (Gonz~lez-Reyes et al., 1995) . In grk mutant egg chambers, misexpression of anterior-specific marker genes occurs sporadically in posterior follicle cells (Gonzdlez-Reyes et al., 1995) , indicating that in the absence of grk repression, anterior cell fates are the default state of posterior cells. Similarly, misexpression of bun in the posterior follicle cells of grk egg chambers indicates that in this domain and at early stages, bun is normally a target of grk repression. While the mechanism for this phenomenon remains unknown, we note that the TGF-3 family member dpp, which is normally expressed in the anterior follicle cells surrounding the nurse cells is misexpressed in posterior follicle cells in grk egg chambers (Twombly et al., 1995) . Treisman et al. (1995) have reported that overexpression of bun rescues the dpp btk eye phenotype, further supporting the hypothesis that bun is involved in dpp signaling. Our preliminary evidence indicates that bun is sensitive to dpp levels in the follicle cells. Hence ectopic bun expression in posterior grk follicle cells may be the result of ectopic dpp there. W~ are currently testing this hypothesis and whether normal bun expression in the dorsal anterior follicle cells is the result of combined action of the TGFtx (grk) tyrosine kinase receptor and TGF-~ (dpp) serine/threonine kinase receptor signaling pathways.
An attractively simple notion is that TSC-22-1ike genes are conserved between flies and mammals both in their structure, function and susceptibility to regulation by multiple growth factors. TSC-22 was isolated on the basis of its induction by TGF-3 in mouse osteoblast cells. Levels of mouse TSC-22 are increased in osteoblasts by other stimuli including serum, phorbol ester and dexamethasone as well as by TGFa (Shibanuma et al., 1992) . Rat TSC-22 was isolated on the basis of its regulation by FSH in rat Sertoli cells (Hamil and Hall, 1994) . Recently, rat TSC-22 has been shown to bind and activate expression of the promoter of the C-type natriuretic peptide (CNP) gene and in this way mediate CNP transcriptional regulation by TGF-3 (Ohta et al., 1996) . Mammalian and Drosophila TSC-22 genes may be transcription factors that transmit diverse growth factor signaling processes conserved in metazoans.
Experimental procedures
Fly stocks
The generation of the UG43 enhancer trap line (a gift of U. Grossniklaus) has been described Grossniklaus et al., 1989) . UG43 contains the enhancer detector P{1ArB} inserted into a CyO balancer second chromosome and is renamed bun vc43 based on work here. Additional strains used were fs(1)KlO (Wieschaus et al., 1978) , grlfl, grk 6, Egfr tl and Df(2R)PuD17 (Sch~ipbach, 1987; Price et al., 1989; Lindsley and Zimm, 1992) . A series of standard crosses were used to generate glO;bun UG43 flies and recombinant grk3,bun shs423° and EgfiJl,bun shs423° chromosomes.
The stocks (1) bun shsr143, P{ry +t7"2 neo nspT°Ba' Ps <FRT <FRT ori ampR neo Hsp7°Ba' Ps = neoFRT}40A, (2) bun shs4230, P{ry +t7"2 neo Hsp70Ba' Ps <FRT <FRT ori ampR neoHSp7°BaPS= neoFRT}40A and (3) bun sh~6°°3, e{ry +t7' 2 neo Hsp7°aa'Ps <FRT <FRT ori ampR neo nsp7°aa'Ps = neo-FRT}40A were kindly provided by Jessica Treisman and Gerald M. Rubin. The stock W 1118, hsFLP1; P{w +mc N NM' Ias' T:Myc = NM}31E, P{ry +tT' z neo nspT°Baes <FRT <FRT ori ampR neo nspT°Ba' Ps = neoFRT}40A was provided by the Indiana Stock Center.
Detection of ~-galactosidase activity in ovaries
Well-fed females were hand dissected in Drosophila Ringers solution and fixed for 5 min in 4% paraformaldehyde (Polysciences, Warrington, PA). Following washes, ovaries were disrupted and egg chambers stained overnight at 37°C in stain solution (10 mM sodium phosphate (pH 7.2), 150 mM NaC1, 1 mM MgC12, 3.1 mM K4[Fe(II)CN6], 3.1 mM K3[Fe(IV)CN6], 0.3% Triton-X 100) containing 0.6 mg/ml X-GAL (Boehringer Mannheim, Indianapolis, IN) from a 20 mg/ml stock dissolved in dimethylformamide. Follicles were washed in Ringers solution and mounted in 50% glycerol for microscopy.
In situ hybridization
to Sambrook et al. (1989) . Plasmid rescue from the enhancer trap line UG43 was performed exactly as described by Wilson et al. (1989) . Double-stranded DNA clones subcloned in the Bluescript vector were sequenced following the modified protocol of Sanger.et al. (1977) using a kit prepared by United States Biochemicals Corp. (Cleveland, OH). The sequence of both strands was determined using internal primers. Sequence compressions were resolved by incorporation of deoxyinosine in the sequence reaction. Sequences were analyzed using the Wisconsin Genetics Computer Group sequence analysis program (Devereux et al., 1984) . Genbank, EMBL, SwissProt and Transcription Factor data bases were searched using the BLAST program (Pearson and Miller, 1992) .
Transcripts of bun were detected in whole-mount ovaries by in situ hybridization using digoxygenin-labeled probes following a modification of the procedure of Tautz and Pfeifle (1989) designed to detect low transcript levels in follicle cells (Savant-Bhonsale and Montell, 1993) . Antisense DNA incorporating digoxygenin-UTP was produced by anchored PCR using an internal primer complementary to nucleotides 1-1420 of the cDNA.
Generation and detection of mitotic clones
Mitotic clones in the ovaries were produced in W 1118, hsFLP1; bun sh~n4~, P{neoFRT}40A/P{NM}31E, PkBOneoFRT}40A females carrying the FRT target sequence of FLP recombinase on proximal 2L homologues at 40A and an unlinked FLP recombinase gene under the control of a heat shock promoter (Xu and Rubin, 1993) . Heat shock induces FLP recombinase which stochastically causes recombination at the FRT site, generating a clone of bun-MYC-homozygous cells and an adjacent twin-spot of bun+MYC + homozygotes. Conditioned flies were subject to a 1 h heat shock at 37°C, conditioned 2.5 days further and briefly heat shocked to induce the MYC epitope produced by hs-NM prior to dissection and fixation. The MYC epitope was detected using anti-MYC (Oncogene Science, Uniondale, NY) at a 1:100 dilution followed by FITC conjugated goat anti-mouse antisera at a 1:200 dilution (Jackson ImmunoResearch, West Grove, PA). Nuclei were detected using 1 #g/ml DAPI (Boehringer Mannheim). Confocal images were collected using a Zeiss Axiovert compound microscope attached to either a BioRad MRC-600 or a Zeiss confocal system. DAPI images were collected separately and carefully sized to the same magnification as confocal images. Alternatively, eggs were collected 2-3 days after heat shock induction of females, mounted in 3:1 Hoyer's/ lactic acid and photographed under dark field optics.
General molecular techniques
DNA cloning and library screening were done according
